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1. INTRODUCTION 
Since digital technologies started to be applied to specimens 
of paleontological or archaeological interest, there has been a 
great improvement, from both quantitative and qualitative point 
of views, of the information extractable from a single object of 
study [1]. This has happened mainly thanks to the development 
of virtual models of the actual specimens, which allow many 
researchers around the world to access unique remains or 
artifacts with no risk of damages and less difficulties in general  
[2], [3], [4].  
Digital X-ray based acquisitions allow to observe the 
specimens with minimum or no handling at all, up to highly 
detailed level, also in the internal portions not accessible in the 
actual object [5], [6], [7], [8]. Apart from this scientific major 
 
achievement, a related advantage for the scientific community is 
the increase of the data-sharing policy for such virtual specimens, 
which is topped by the availability of online databases (e.g. 
NESPOS, Morphosource, Digimorph, Morphomuseum, Kupri).  
In palaeoanthropology, the most important and renowned 
specimens are indeed of inestimable value and thus their access 
is more difficult. Thus, the diffusion of virtual anthropology 
protocols and techniques facilitated the spreading of the research 
on human fossils and the production of a new type of casts 
coming from the digital specimens via rapid prototyping (the 
more and more common 3D printing) [9], [10].  
Notwithstanding the diffusion of such techniques also for 
purpose as study, displaying or dissemination [11], [12], many of 
ABSTRACT 
Several digital technologies are nowadays developed and applied to the study of the human fossil record. Here, we present a low-cost 
hardware implementation of the digital acquisition via photogrammetry, applied to a specimen of paleoanthropological interest: the 
Neanderthal skull Saccopastore 1. Such implementation has the purpose to semi-automatize the procedures of digital acquisition, by 
the introduction of an automatically rotating platform users can easily build on their own with minimum costs. We provide all the 
technical specifications, mostly based on the Arduino UNO™ microcontroller technology, and evaluate the performance and the 
resolution of the acquisition by comparing it with the CT-scan of the same specimen through the calculation of their shape differences. 
In our opinion, the replication of the automatic rotating platform, described in this work, may contribute to the improvement of the 
digital acquisition processes and may represent, in addition, a useful and affordable tool for both research and dissemination. 
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the actual objects remain nevertheless of limited availability to 
subjects interested to them, while a good quality cast can be of 
considerable cost. 
To overcome such difficulties there has been an increase in 
the use of acquisition and printing procedures less demanding 
from the perspectives of both costs and needed equipment [13]. 
The most commonly used is photogrammetry, which relies 
mainly on the performance of one or more series of photos 
(arranged in chunks) of the object in different norms [14]. The 
chunks are subsequently assembled via a dedicate software (e.g. 
Agisoft Photoscan) to eventually obtain a virtual volume (mesh) 
reporting the visible details and texture of the object. 
1.1. Digital acquisition 
Virtual anthropology is based on the study of the digital 
acquisition of human remains. The methods commonly used to 
digitally acquire an object are Computerized Tomography (CT), 
laser scanning and photogrammetry. Among the three, the CT 
scan is the acquisition procedure which returns both the inner 
and outer structures of the object, while both laser scan and 
photogrammetry only return its external topology, including 
colours and texture [15]. 
CT scan works by X rays, coming from a rotating source, 
passing through the object to be scanned at the centre of the 
rotation axis, to reach a series of sensor located on the opposite 
side of the source. The different densities of the object attenuate 
the X radiation and the output of the acquisition is a series of 
cross-sections of the object (slices) spaced out by a distance 
(inter-slice) which determines the final resolution. The slices are 
actually 2D images, useful for the medical purposes of the 
common CT scans. To obtain a 3D output, thus a polygonal 
mesh, the 2D images have to be processed, by applying the 
“Marching cubes” algorithm, after the definition of a value of 
radio density (expressed as Hounsfield unit) [2], [16], [17]. 
To be carried out, a CT acquisition requires the availability of 
professional medical equipment and space. Alternatively, a 
proper medical structure or research institution where the 
specimen to be scanned has to be carried, with consequent 
expenses for transportation and insurance, is needed. 
The laser scanner acquisition relies on the triangulation built 
by a structured light beam intercepting the surface of the 
specimen and being detected by a sensor put at a known distance 
from the source [18], [19]. Laser scanner technology can return 
very highly detailed reproductions of the external surface of the 
objects: the quality of the acquisition depends on the hardware 
of the devices used, directly proportional to their cost, often 
expensive. No inner structures or details can be detected by this 
type of acquisition technology. 
Photogrammetry is the less expensive acquisition procedure 
and is based on the assemblage of one or more series of images 
of the object, in its different views [20]. The images are usually 
photos taken by an operator and commonly grouped in different 
chunks, one for each norm. A neutral background and an optimal 
lighting, constant for the entire photo session, contribute 
significantly to a high-quality final output. The photos, exported 
to a dedicated software (e.g. Agisoft Photoscan), are aligned to 
obtain a sparse point cloud and subsequently a dense point cloud 
and a 3D mesh is built through a triangulation algorithm [21]. 
The information on texture and colour is comprised in the final 
reconstruction, while a metric reference is needed, as 
photogrammetry, unlike CT and laser scans, does not return the 
object at the original scale [22], [23]. Not including the costs of a 
photographic equipment, the only added cost is that of a 
commercial software, as Agisoft, for the processing of the 
images, although several open source alternatives are available 
(e.g. insight3dng, Regard3D, MeshRecon and others).  
Even though photogrammetry is a low-cost acquisition 
procedure, lacks a similarly cheap automation and can be 
significantly time consuming both from the point of view of the 
photoshoot, to be performed by an operator, and of the 
subsequent processing of images. In addition, there is no instant 
feedback on the output. 
1.2. Purpose 
The main purpose of this work, apart from presenting a 
hardware implementation we designed, is to evaluate an 
automated procedure of photogrammetry and demonstrate that 
the resulting output can substitute that of a more expensive and 
demanding procedure, as the CT scan, whenever the latter is not 
possible. Moreover, we demonstrate through a morphological 
analysis the feasibility of a good photogrammetry acquisition for 
research purposes as well as dissemination and education ones.  
The hardware improvement we present in this paper is 
designed to overcome the need of manually performing the 
photoshoot, to stabilize the process, allowing the operator, at the 
same time, to perform other tasks such as the import of photos, 
the preparation of other specimens or the check for the 
alignment of previous photo sessions.  
1.3. Summary 
In the next section, we first point at the chosen case study, 
the renowned Neanderthal skull Saccopastore 1 from Rome, 
Italy; subsequently we present the technical specifications of the 
micro-CT scan used as comparison and the equipment used for 
the photogrammetry, with a focus on the hardware and the 
rotating platform; lastly, we point at the methods used for the 
sampling and the analysis. In the last section, we present both the 
digital reconstructions of Saccopastore 1 and discuss the results 
of the analysis. 
2. MATERIALS AND METHODS 
2.1. Saccopastore 1 
Saccopastore 1 (SCP1) is a nearly complete cranium coming 
from a Neanderthal individual of remarkable antiquity, with a 
debated dating estimated to be between 100 - 130 ka [24], and 
250 ka [25]. The specimen, lacking the mandible and bearing 
some taphonomic damages, as the missing maxillary processes 
and part of dentition, probably comes from a female individual 
and appears nonetheless well preserved [26], despite some 
damages occurred at the moment of the discovery (especially to 
the whole supraorbital torus and the vault) in April 1929.  
The cranium, after its discovery in a gravel quarry in the 
Rome’s countryside, today corresponding with the present city’s 
suburbs, was brought by the quarry’s owner to the 
anthropologist Sergio Sergi, who recognized and described its 
Neanderthal features, such as the mid-facial prognathism and the 
general shape of the cranial vault [27]. The skull is today 
preserved at the ‘G. Sergi’ Anthropology Museum of Sapienza 
University of Rome.  
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2.2. Acquisition of the specimen 
SCP1 has been CT scanned using a Tomoscan AUEP 
(Philips), with an interslice distance equals to 1 mm scans. Data 
were exported as DICOM files, with a matrix of 512×512 pixels. 
SCP1 was scanned at 75 mA and 140 kV (scantime = 4 s), with 
a FOV of 250 mm and a consequent pixel size of 0.49 mm [28] 
(Figure 1). 
The close-range photogrammetry of the same specimen was 
performed at the ‘G. Sergi’ Anthropology Museum of Sapienza 
University of Rome, by using a reflex camera Canon EOS 700D, 
with a Canon Zoom Lens 18-55 mm, set to autofocus with ISO 
on 100, F-stop at f/10 and exposing time to ½ sec. The photos 
have been exported as .JPG files with 5184×3456 pixels 
resolution at 72 dpi.  
The camera was set up on a Manfrotto tripod at a distance of 
about 45 cm from the specimen, located in a Havox Lightbox 
60×60×60 cm. Four chunks were performed: the first was 
carried out by positioning SCP1 on the Frankfurt horizontal, 
right in front of the camera; the same position was kept for the 
second one, but positioning the camera 30° above the horizontal, 
and subsequently, SCP1 was positioned upside down, resting on 
its bregmatic area, for the third chunk; eventually, for the fourth 
chunk, SCP1 was positioned on its occipital squama. Each chunk 
consisted of 50 photos, separated by 240 angular steps (more on 
it in section 2.3). 
The four chunks thus acquired were processed by using the 
software Agisoft Photoscan™ (v. 1.2.6.2834). First, Agisoft 
allowed to remove the background from the images by using a 
mask; then, by using the metadata associated with the 
Exchangeable Image file Format (Exif) [29] of the photos, the 
program extrapolated from the data the position and orientation 
 
Figure 2. Digital model of SCP1, acquired via Photogrammetry. 
 
Figure 1. Digital model of SCP1, acquired via Computerized Tomography. 
Figure 3. Scheme of the rotating platform system; the single modules are reported. 1: Microcontroller Arduino UNO™ R3; 2: 4 relay module connected with 
the step motor; 3: 2 relay module connected with the camera; 4: matrix board; 5: LC display 1602; 6: keypad.   
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of the camera for each photo and built a first 3D point cloud. 
Subsequently, the program built a dense point cloud by 
estimating the depth information for each shot.  
These steps were performed for each chunk and eventually all 
of them were aligned and combined by the software in a single 
dense cloud. The resulting mesh can be exported either in .PLY, 
.OBJ or .WRL format, among others (Figure 2).  
The mesh obtained via photogrammetry was scaled to the real 
object size (cast of SCP1) by using the nasion-inion distance as 
reference. 
2.3. The rotating platform 
The system we designed is based on the Arduino UNO™ 
technology, a microcontroller board based on the ATmega328P 
microchip [30], [31], powered it with a AC-to-DC adapter (7.5 - 
12V; 2A). The microcontroller allows to synchronize the rotation 
of the platform with the focus and the photo shoot, via a step 
motor; among the further functions available, it is possible to link 
a beeper to signal the end of the shooting session.  
Our system consists of the following modules: 
microcontroller Arduino UNO™ R3, a LC display 1602 (16 
characters, 2 rows), a 4 relay module for operating the step 
motor, a 2 relay module for operating camera focus and shooting, 
a 4x4 keypad and a matrix board for the connections between 
modules; the latter is needed for the distribution of the voltage 
to the different modules from the microcontroller. The detailed 
scheme of the system is reported in Figure 3. The 
microcontroller has been programmed via Arduino Software™ 
1.8.5; we provide the code in the Supplementary Information.  
The system is run by entering the number of steps to take 
between each shoot, as indicated by the display. The number of 
photos decided by the operator is in relation with the number of 
steps needed by the step motor to perform a complete rotation: 
the more steps the platform can perform, the more precise is the 
system. The platform we used comes from a broken laser scanner 
and requires 12000 steps to perform a complete rotation. A 
calculation (1) is needed to obtain the requested number of steps 
for each shoot: 
 
steps for a complete rotation
number of photo shoots
                                    (1) 
Thus, for performing a set of 50 photos, the system is 
programmed by entering first the number of steps required (e.g. 
12000/50 = 240); subsequently, the ‘A’ key (Figure 2) is pressed 
to accept the entry and the number of shoots requested (e.g. 50) 
is entered, followed by the ‘#’ key to run the program. To stop 
and reset the program, if needed, the key to enter is the ‘*’ 
(asterisk). 
2.4. Sampling 
As stated before, we used a CT-scan of SCP1 to evaluate the 
precision of the model built via photogrammetry. 
For the comparison between the two digital reconstructions 
of SCP1 we used a landmark-based, geometric morphometrics 
approach [32], [33]. Geometric morphometrics allows a 
quantitative analysis of the shape of the objects of study by using 
sets of homologous points, called landmarks [34]; the sets, or 
landmarks configurations, are eventually compared by excluding 
the effects of their size, orientation and position in the space by 
the Generalized Procrustes Analysis (GPA) [35].  
The chosen landmark set for the comparation is represented 
in Figure 4. Once the landmark configurations have been 
sampled by the 3D imaging software Thermo Scientific Amira™ 
(version 5.4.5) on the two 3D models, their mesh distance [36] 
was evaluated by an analysis performed in R statistical 
environment [37], package ‘Morpho’ [38]. The mesh distance 
calculates the distance from the reference to the target 3D 
models, by projecting each vertex of the reference mesh 
(obtained by photogrammetry) to the target mesh (obtained by 
CT-scan). 
 
 
Figure 4. Landmark configuration used for the shape analysis. 
3. RESULTS 
The same landmark configuration was defined and acquired 
on both models of SCP1. The definition of a homologous 
landmark configuration allowed to obtain a rotation matrix (via 
GPA, [39]) in order to align the two 3D models. The Procrustes 
distance between the two landmark configurations is equal to 
53.83 mm, while the Euclidean distance amounts to 27.48 mm. 
The landmark displacement is ranged from 0.43 to 3.08 mm with 
a mean displacement equal to 1.6 mm.  
The mesh distance measured and mapped the vertex 
displacement from the reference mesh (SCP1 via 
photogrammetry) to the target mesh (SCP1 via CT-scan). The 
mean vertex displacement is equal to 0.047 mm and the first and 
the third quantiles amount to -0.789 and 1.243 mm respectively. 
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The results are represented in Figure 5, reporting the vertex 
displacement between the two models. In Figure 6, the mesh 
distance between the two models is graphically displayed. 
 
Figure 5. Boxplot of the vertex displacement (mm) obtained after the mesh 
distance computing. 
4. CONCLUSIONS 
In recent years, several methods aimed at the digital 
acquisition were developed leading to an increase of technologies 
applied to the study of the human fossil record and cultural 
heritage. The use of the photogrammetry led to an increase in the 
sharing of human remains, by hosting them into virtual museums 
such as Nespos (www.nespos.org), Morphosource 
(morphosource.org) and AfricanFossils (africanfossils.org).  
The 3D models acquired by digital methods can be used both 
for research and dissemination purposes.  
This contribution presented the photogrammetric surveying 
and 3D modelling of the Neanderthal skull of Saccopastore 1, 
one of the most important and complete Neanderthal skulls ever 
discovered, characterized by a challenging texture, a complex 
shape/geometry and difficult optical properties (e.g. reflectivity). 
We described in detail how to build, set up and use a rotating 
platform connected to an Arduino UNO™ microcontroller to 
speed-up and automatize the process of photogrammetry, as well 
as the procedures to correctly launch it.  
The model obtained by our acquisition resulted complete and 
detailed, with the anatomical traits fully recognizable and feasible 
for the definition of landmarks and/or linear measurements. In 
contrast to other expensive or more demanding approaches, the 
method of close-range photogrammetry of SCP1, here 
presented, can be evaluated as a cutting edge effective, low-cost 
and automated technique. 
The reproducibility of the model was evaluated by 
comparison with a CT scan of the same specimen. The 
anatomical distance both in terms of landmark and vertex 
displacement is low, indicating an almost full overlap of the two 
3D models.  
The only structures presenting appreciable differences 
between the values of vertex distance resulted to be ‘grey’ areas, 
not easy to acquire. The resulting topological artifacts are easy to 
fix by using specialized software (e.g., Geomagic Studio and 
Zbrush). Alternatively, the speeding up of the whole process 
allows to possibly include preliminary test sessions for making 
adjustments on aspects as the camera setting. 
In fact, a crucial point of the process is based on finding the 
perfect setting of the Reflex. By setting the lowest value of ISO 
(100) the quality of the images we obtained still showed a very 
fine grain. Moreover, the F-stop at f/10 determined a good 
balance between the ratio of the system's focal length and the 
diameter of the entrance of the light for the set into the Lightbox. 
These two settings guaranteed the high-quality of the photos. 
The use of the automatic rotating platform as shown in this 
work could represent an improvement highly facilitating research 
and dissemination for the cost-effectiveness of both hardware 
and software and fast and reproducible protocols for the 
digitalization of human remains. 
Figure 6. On the left, the overlapped models of SCP1 (white: CT-scan; yellow: photogrammetry), aligned after GPA. On the right, the mesh distance 
performed between the two 3D models. 
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